Background: Hepatocellular carcinoma (HCC) is prevalent worldwide and early diagnosis of HCC is critical for effective treatment and optimal prognosis. Methods: Serum was screened first by immunoproteomic analysis for HCC-related tumor associated antigens (TAAs). Selected TAAs were clinically evaluated retrospectively in patients with HCC, liver cirrhosis, chronic hepatitis and healthy controls. Levels of autoantibody to the selected TAAs were measured by protein microarrays containing protein antigens of the candidate TAAs. Analyses were done by using receiver operating characteristics (ROC) to calculate diagnostic accuracy. Findings: Twenty-two candidate TAAs were assessed by protein microarray analysis in 914 participants with serum α-fetoprotein (AFP) available. Twelve candidate TAAs were statistically different in signal intensity between HCC and controls. Among them, CENPF, HSP60 and IMP-2 showed AUC (area under the curve) values of 0.826, 0.764 and 0.796 respectively for early HCC. The highest prevalence of autoantibody positivity was observed in HCC cases with BCLC tumor stage A, well-differentiated histology and Child-Pugh grade C. Specifically, 73.6% or 79.3% cases of early HCC with negative AFP were positive for autoantibody to CENPF or HSP60. Interpretation: Tumor-associated autoimmune reactions may be triggered by early stage HCCs. Measurement of serum autoantibody to TAAs may be complementary to AFP measurements and improve diagnosis of early HCC.
Introduction
Hepatocellular carcinoma (HCC) is the sixth most common malignancy and the third leading cause of cancer-related death worldwide (Theise et al., 2014) . Nearly half of all new cases of liver cancer (50.5%) and related deaths (51.4%) are estimated to occur in China (Theise et al., 2014) . HCC accounts for 70-80% of all liver cancers. The survival rate of patients with HCC after the onset of symptoms is generally less than one year on the late presentation of HCC at least in part due to a lack of reliable tools for early diagnosis (Theise et al., 2014) .
Ultrasound is recommended as a screening tool for early detection of HCC. However, ultrasound is not very sensitive and is highly operator dependent (Poon et al., 2009) . Computed tomography (CT) is not recommended as a screening tool for HCC because of the attendant radiation exposure (Poon et al., 2009; Lee et al., 2012) . One current focus of HCC research is the development of a blood test to aid the diagnosis of this disease. The traditional serum biomarker for HCC, α-fetoprotein (AFP) has been found to have a sensitivity of 41-65%, and a specificity of 80-90% when a cut-off value of 20 ng/ml has been used. The sensitivity was lower when AFP was used to detect earlystage HCC (Farinati et al., 2006) . Many other serologic biomarkers of HCC are available, including des-gamma carboxyprothrombin (DCP) and Lens culinaris agglutinin-reactive AFP (AFP-L3) (Bertino et al., Table 1 Clinical characteristics of research subjects for SERPA analysis and microarray detection. 
HCC, hepatocellular carcinoma; BCLC: Barcelona Clinic Liver Cancer staging system; HBV+: with HBV infection; HCV+: with HCV infection; HBV−/HCV−: without HBV and HCV infection. SERPA: serological proteome analysis. -: data not available. a Alcoholic. b 11 non-liver cancer cases miss the data of HBV/HCV infection.
2012), Dickkopf-1 (DKK1) (Shen et al., 2012) , and squamous cell carcinoma antigen (SCCA) (Zhao et al., 2013) . However, these markers are insufficient for the early diagnosis of HCC (Yau et al., 2013; Stefaniuk et al., 2010) . Therefore, there is an urgent need for the identification of novel diagnostic markers for this purpose. Recent studies have shown that the abnormal protein release by tumor cells can elicit humoral immune responses as self-antigen and are called tumor-associated antigens (TAAs). Unlike autoantibodies in autoimmune diseases, autoantibodies against the TAAs have been reported in a wide variety of tumors. Some have been reported to be present several months to years before manifestations of the clinical signs of tumor (Tan et al., 2009; Xu et al., 2014; Werner et al., 2015) . Furthermore, magnified signals of the anti-TAA autoantibodies can be easier to detect than TAAs themselves, suggesting that the measurement of anti-TAA antibodies may have various advantages as immunodiagnostic markers (Tan et al., 2009; Lacombe et al., 2014) . Therefore, anti-TAA autoantibodies seem to have great potential value in the screening and early diagnosis of cancer. Autoantibodies against TAAs have been reported in patients with HCC, but only by a series of studies on small cohorts (Yau et al., 2013) . Therefore, the potential value of the anti-TAAs as serum biomarkers for HCC especially for early stage HCC, is still unclear.
The aim of the present study was to use a protein microarray system for high throughput analysis (Bruix et al., 2005) to screen for autoantibody-based serum markers for early HCC, and to evaluate the value and timing of those autoantibodies in the early diagnosis of HCC.
Material and Methods

Study Population
For screening of specific TAAs for early HCC, total protein from frozen tissues of ten cases of HCC was extracted as an antigen library for serological proteome analysis (SERPA). The tumor samples were obtained from patients with hepatitis B virus (HBV)-related HCC with Barcelona Clinic Liver Cancer staging system (BCLC) stage A. The patients underwent surgical treatment at the Beijing You-An Hospital from 2011 to 2012. There were 7 men and 3 women, aged 42-62 years with a median age of 51.5 years. Serum samples for SERPA were also obtained from 10 cases of HBV-related HCC with BCLC stage A. The demographics were 7 men and 3 women, aged 43-65 years with a median age of 52.6 years. Other sera from 10 HBV-related cirrhosis patients without HCC, and 10 healthy volunteers were used as controls.
For clinical validation, a total of 914 serum samples were applied, including 295 cases of HCC, 132 cases of liver cirrhosis, 119 cases of chronic hepatitis, 103 cases of other cancers (23 colon cancer, 31 rectal cancer, 30 gastric cancer and 19 non-gastrointestinal tumor), and 265 healthy controls. Clinical characteristics of the samples are shown in Table 1 and supplementary Tables 1 and 2 . All the samples had AFP levels measured with a commercially available electrochemiluminescence immunoassay kit (Roche, USA). Samples with an AFP value of more than 20 ng/ml were defined as AFP positive. The patients were retrospectively recruited during [2010] [2011] [2012] [2013] (Bruix et al., 2005) . Early-stage HCC was defined according to the BCLC stage 0 + A (Llovet et al., 2008) . Diagnosis of chronic hepatitis B included the presence of HBsAg more than six months, HBV DNA concentrations higher than 10 3 copies/ml and serum alanine aminotransferase elevation, according to the guidelines of prevention and treatment of chronic HBV infection (Lok and McMahon, 2009 
SERPA Analysis for the Screening of HCC-related TAAs
Total protein from tumor tissue was extracted as described previously (Wang et al., 2014) . Briefly, frozen tissue was lysed in 5 μl lysis buffer (7 mol/L urea, 2 mol/L thiourea, 4% 3-[(3-cholamidopropyl)dimethylamino]-1-propanesulfonate (CHAPS), 1% dithiothreitol (DTT), 2% immobilized pH gradient (IPG) buffer (pH 3-10), protease inhibitor cocktail) per mg tissue, and clarified by centrifugation. After measurement of protein concentration with a 2-D Quant kit (GE Healthcare), the extracted protein was purified with a 2-D Clean-up kit (GE Healthcare). Equal parts of total proteins extracted from tumor tissue of HCC cases were mixed before use.
SERPA analyses were performed as described previously (Li et al., 2008) . Briefly, the first dimensional isoelectric focusing (IEF) was performed on pre-cast 18 cm immobilized pH 3-10 gradient (IPG) strips (GE Healthcare) with a total of 800 μg protein. Following IEF, the second dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed and followed by Western Blot analysis with serum samples at 1:100 dilution as the source of primary antibodies. After incubation with horseradish peroxidase (HRP) conjugated goat anti-human IgG (Invitrogen) at 1:5000 dilution, immunoreactive spots were detected using the ECL kit (Millipore) according to the manufacturer's instructions. The proteomic profile of proteins from the HCC tissue was used as a reference map for spot analysis. Spots on immunoblotting maps were matched to the reference map, and those detected in early HCC serum but not in liver cirrhotic or normal sera were excised for protein identification. Matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) mass spectrometer (Bruker Daltonics, Bremen, Germany) was used for identification of the selected proteins. Mascot (Matrix Science, London, UK) was used for protein identification by searching the peak lists against the International Protein Index (IPI) Human database. A protein score with a p-value less than 0.05 was considered significant.
Protein Microarray Analysis for the Clinical Validation of Screened TAAs
Full length or fragments of recombinant proteins for selected TAAs which were available for enzyme-linked immunosorbent assay (ELISA) were purchased whenever possible. For two TAAs i.e. apoptosisinducing factor (AIF) and heterogeneous nuclear ribonucleoprotein (hnRNP) A2, the full length recombinant proteins were prepared as described previously (Li et al., 2008) .
The preparation of protein microarray and the microarray detection of serum samples were performed according to our previous study (Li et al., 2008) . Briefly, the screened TAA proteins were diluted with an optimized individual concentration and robotically attached in ordered arrays on aldehyde-activated glass slides by a computer-controlled microchip spotting instrument (Cartesian Pixsys 3000). Human IgG (Sigma, St. Louis, MO) was used as a positive control and an internal standard for calibration of signal intensity of each test, while bovine serum albumin (Sigma) and sample liquid were used as negative controls. Microarray detection was performed with serum samples at 1:5 dilution. After incubation with rabbit anti-human IgG conjugated to HRP(sigma) at 1:8000 dilution, immunoreactive spots were detected using a chemiluminescent solution (Millipore). The signal intensities of the spots and background values were measured using array vision 7.0 (array vision, USA).
Western Blots and Immunohistochemistry Analysis for CENPF
For the analysis of levels of autoantibody to centromere protein F (CENPF), a recombinant N-terminal 120-220 amino acid fragment of CENPF protein with an N-terminal glutathione S-transferase (GST) tag was prepared (data not shown) as the antigen for Western Blot analysis, as described in our previous studies (Wang et al., 2014; Li et al., 2008) . Briefly, Western Blot analysis was performed with antibody against GST (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 1:4000 dilution or serum samples at 1:250 dilution as primary antibodies. After incubation with HRP-conjugated goat anti-human IgG (Invitrogen) at 1:5000 dilution, immunoreactive spots were detected using the ECL kit (Millipore) according to the manufacturer's instructions.
For immunohistochemistry (IHC) analysis of CENPF, sections (4 μm thick) were cut, and after deparaffinization of the slides, endogenous peroxidase activity was blocked with 0.3% H 2 O 2 in methanol for 30 min. Immunohistochemical staining was performed using antihuman CENPF antibody (diluted 1:100, Abcam) at 37°C for 1 h, and visualization of antigen-antibody reactions was achieved with 3,30-diaminobenzidine (Vector SK-4100). Tissue structures were visualized by counterstaining with hematoxylin. The slides were examined separately by two independent pathologists without any prior knowledge of the patient's clinical and pathological parameters.
Statistical Analysis
Statistical analysis was performed with SPSS for Windows (version 19.0) and MedCalc (version 10.4.7.0) . Differences between two independent groups were tested with the ANOVA. Receiver operating characteristic (ROC) curves were constructed to assess sensitivity, specificity, and respective areas under the curves (AUCs) with 95% CI to evaluate the diagnostic value of the serum markers. The optimum cutoff values for diagnosis were determined by calculating the Youden index, and the corresponding signal intensity number was set as a cutoff value for positivity of individual autoantibodies to TAAs. The correlations between autoantibody positivity in serum and clinicopathological characteristics were analyzed using the chi-squared (χ 2 ) test with Yate's correction. We took p values lower than 0.05 (two sided) to indicate statistical significance.
Results
Using an antigen library of a mixture of total proteins extracted from tumor tissue of 10 cases of early HBV related-HCC, SERPA analysis was performed for the screening of HCC-related TAAs. Mixtures of serum samples of ten early HBV-related HCC cases, ten HBV-related cirrhosis cases, and ten healthy controls were used as primary antibody for Western Blot analyses. Supplementary Fig. 1A shows a representative Coomassie blue-stained 2-DE. Different patterns of reactivity were obtained by probing with HCC serum, liver cirrhosis serum, and normal control serum, and representative immunoreactive patterns with HCC, liver cirrhosis and normal control serum are shown in Supplementary  Fig. 1B-D . By comparing and matching the antigenic protein profile of each 2-D immunoblot on the original 2-DE, we identified 18 protein spots that were frequently recognized by HCC serum, but not by serum from liver cirrhosis and normal controls ( Supplementary  Fig. 1A ). By MALDI-TOF mass spectrometry analysis, the 18 immunoreactive proteins which exhibited different frequencies of recognition were identified (Supplementary Table 3) .
A total of 22 TAAs were used to make protein microarrays for high throughput clinical validation, including the 18 TAAs screened by the present study. For comparison of performance of the TAAs, we also included in the protein microarray two TAAs reported by other studies: insulin-like growth factor 2 mRNA-binding protein 2 (IMP-2) (Zhang and Chan, 2002) and calreticulin (CRT) (Pekarikova et al., 2010) , as well as two TAAs identified by our previous study: AIF and hnRNP A2 (Li et al., 2008) . The recombinant proteins of the 22 TAAs applied for preparation of the protein microarray are shown in Supplementary Table 4. A schematic representation of antigen array, and the representative scan images of the protein microarray are shown in Fig. 1A and B. Western Blot analysis of three HCC sera with various levels of autoantibody to CENPF identified by the microarray detection showed consistent serum levels of autoantibody to CENPF confirming the results obtained by the microarray detection (Fig. 1C) . After microarray detection with the 914 serum samples, ROC curves were made for all 22 TAAs based on the individual signal intensity, and the results showed CENPF, 60 kDa heat shock protein (HSP60), IMP-2, protein disulfide-isomerase (PDIA1), aminoacylase-1 (ACY1), alphaenolase (ENO1), annexin A4 (ANXA4), Ig kappa chain C region (IGKC), regucalcin (RGN), keratin, type II cytoskeletal 1 (K2C1), heat shock 70 kDa protein 6 (HSPA6) and CRT were significantly different (p b 0.05) between HCC and all controls ( Fig. 2A-B (Fig. 2C-E) . Comparison of prevalence of autoantibody positivity to CENPF and HSP60 between HCC and control cases showed significant difference in the number of case with autoantibody positivity to CENPF and HSP60 between HCC and liver cirrhosis or chronic hepatitis or healthy control (Supplementary Table 6 ). Analysis of the clinicopathological association showed that the prevalence of autoantibody positivity to CENPF and HSP60 was higher in HCC patients who were younger than 50 (p b 0.05), and the prevalence of autoantibody positivity to CENPF was higher in patients with well-differentiated HCC or with Child-Pugh grade C (p b 0.05, Table 3 ). Notably, for all three TAAs, CENPF, HSP60 and IMP-2, the highest prevalence of autoantibody positivity was observed in HCC cases with tumor stage BCLC A, well-differentiated histology and ChildPugh grade C ( Table 3) , suggesting that the TAAs may be a good marker for surveillance and diagnosis of early HCC.
We compared only the diagnostic value of CENPF and HSP60 for early HCC with AFP, because the number of cases with results of IMP-2 autoantibody was insufficient. In contrast with total HCC, better performance of autoantibody to CENPF and HSP60 than AFP was shown when comparing early-HCC and all controls (Table 4 , Fig. 3A-D) , with AUC values of 0.826, 0.764 and 0.749, respectively. However, for distinguishing early-HCC from liver cirrhosis or liver cirrhosis plus chronic hepatitis, the AUC values of autoantibody to CENPF or HSP60 were similar with that of AFP ( Table 4 ). The prevalence of autoantibody positivity to CENPF and HSP60 was significantly higher than that of AFP positivity in HCCs with tumor stage of BCLC A (p b 0.001) (Supplementary Table 7 ), suggesting a higher diagnostic value of autoantibody for early HCC compared with the AFP. Specifically, 73.6% and 79.3% cases of early HCC with AFP negativity were seropositive for autoantibody to CENPF or HSP60, with AUC values of 0.828 and 0.779, respectively (Table 5 , Fig. 3D ). These data indicated that the TAAs could be used as a complement for AFP in the diagnosis of AFP-negative early HCC to improve the detection rate. Combined autoantibody to CENPF with AFP improved the ability to distinguish HCC from all controls, with the AUC value of 0.894, or with sensitivity of 88.7% and specificity of 68.8% in the diagnosis of HCC (Fig. 3A, C) ; and with AUC of 0.882, or with sensitivity of 86.7% and specificity of 68.8% in the diagnosis of HCC at an early stage (Fig. 3B, D) . To explore the possible mechanism underlying the occurrence of autoantibody to CENPF in HCC, we analyzed the expression level and cellular localization of CENPF in HCC with various levels of autoantibody to CENPF. IHC analysis was performed on five HCC cases with high levels of serum autoantibody to CENPF (signal intensity more than 4000) and five HCC cases with negative serum autoantibody to CENPF (signal intensity less than 500). The results showed that in all HCC cases evaluated, CENPF was found in the cytoplasm or nucleus. However, overexpression of CENPF was observed in tumor tissue of all HCC cases with high levels of serum autoantibody to CENPF, while low or no CENPF expression was observed in the tumor tissue of all HCC cases with low levels of serum autoantibody to CENPF ( Supplementary  Fig. 2 ). The data suggest that the elevated CENPF autoantibody may have resulted from overexpression of CENPF protein.
Discussion
Although there has been an increase in the number of reports of TAAs in various types of tumor including HCC (Yau et al., 2013; Werner et al., 2015; Lacombe et al., 2014) , the potential value of autoantibodies in the early diagnosis of HCC remains unclear. The major concern is that the majority of studies initially screen small sample sizes without validation by large-scale samples. In the present study, using high throughput screening and clinical validation, we reported here a series of TAAs, which might be valuable markers for early detection of HCC.
Simultaneous clinical validation of dozens of candidate bio-markers with large-scale samples is extremely difficult. It is almost impossible to conduct large-scale screening and validation studies for specific tumor markers. The traditional techniques such as ELISA, Western Blot analysis, and radioimmunoassays which require relatively large quantities of antigen and patient samples are of limited use when performing large-scale clinical validations (Robinson et al., 2002) , especially when performing numerous simultaneous validations. In the present study, we believe that we have identified for the first time, a series of TAAs in HCC using SERPA analysis with total protein extracted from tumor tissue as antigen library. We have also validated the diagnostic value of candidate TAAs compared with that of AFP in a large cohort of early HCC. Twelve of the 22 candidate TAAs were identified with significance differences between HCC and controls. Five of the 12 screened TAAs have been reported previously in HCC or other cancers, including IMP-2 (Zhang and Chan, 2002) , CRT (Pekarikova et al., 2010) , ENO1 (Takashima et al., 2005) , CENPF (Liu et al., 2012) , and HSP60 (He et al., 2007) , whereas the other seven TAAs in HCC are reported here for the first time, to the best of our knowledge. Three TAAs, CENPF, HSP60, and IMP-2 showed promise for diagnosis of HCC and early HCC, with an AUC value of more than 0.7, a recognized standard for biomarkers, which have a promising diagnostic value in general (Shen et al., 2012) . However, the fact that the majority of screened TAAs were identified with low value for diagnosis suggests the importance of high throughput clinical evaluation of the candidate TAAs.
As an essential nuclear protein associated with the centromerekinetochore complex, CENPF plays a critical role in chromosome segregation during mitosis (Dai et al., 2013) . Researchers have demonstrated that CENPF is overexpressed in a wide variety of human malignancies including HCC, and CENPF is an independent prognostic factor for HCC (Dai et al., 2013) . A recent study has also reported detection of autoantibodies to CENPF in HCC by screening a T7 cDNA expression library (Liu et al., 2012) . HSP60 is a chaperone with essential functions for cell physiology and survival, and has been reported to be involved in the pathogenesis of a number of cancers and some autoimmune disorders (Calderwood et al., 2012) . HSP60 has also been shown to be present in a broad spectrum of cancers in both tissue and serum (Hamelin et al., 2011) , and has been identified as a TAA in breast cancer, colorectal cancer and ovarian cancer (He et al., 2007; Bodzek et al., 2014) . The autoantibodies to CENPF and HSP60 were also identified in the present study, but unlike the results of previous studies, their diagnostic value for early HCC was demonstrated through high throughput clinical evaluation. IMP-2 and CRT have been reported as TAAs of HCC and many other types of cancer by several studies (Zhang and Chan, 2002; Pekarikova et al., 2010) , but not identified in the present study. However, the diagnostic value of IMP-2 for HCC was confirmed in the present study. Although there was a significant difference between autoantibody levels to CRT in HCC compared to controls, the AUC value was only 0.566, suggesting low diagnostic value for autoantibody to CRT. Another Ca-regulating protein, RGN for Ca-binding, also showed a statistically significant difference between HCC and controls, but with an AUC value of only 0.582 suggesting a similar diagnostic value as CRT.
So far, there has been less analysis concerning the clinicopathological association and comparison with AFP in the studies concerning anti-TAA autoantibodies in cancer (Yau et al., 2013; Werner et al., 2015; Lacombe et al., 2014) . In the present study, clinicopathological analysis demonstrated that three TAAs, CENPF, HSP60 and IMP-2 had the highest prevalence of autoantibody positivity in HCC cases with tumor stage BCLC A, well-differentiated histology and Child-Pugh grade C. Therefore, the clinicopathological analysis in the present study implies that TAAs may have value in surveillance and diagnosis of early HCC. To date, AFP is still the main serum biomarker for HCC surveillance. However, AFP does not yield satisfactory results in the early diagnosis of HCC, particularly AFP-negative HCC. It has been reported that in small hepatic tumors, AFP expression is lower, whereas AFP expression is high in large tumors (Zhao et al., 2013) . The AFP level was approximately correlated with tumor size; 80% of small HCCs did not have increased levels of AFP. The sensitivity of AFP was 52% when the tumor diameter was N 3 cm, but decreased to 25% for tumors b3 cm (Farinati et al., 2006; Zhao et al., 2013) . The present study showed that several anti-TAA autoantibodies were better than AFP for the diagnosis of early HCC when analyzed with all controls, whereas the efficacy of the TAAs was similar to AFP in distinguishing early HCC from liver cirrhosis. HCCs occur generally from liver cirrhosis. Although the specificity of CENPF (37.1%) or HSP60 (50.6%) autoantibody seemed to be relatively low for the discrimination of HCC from liver cirrhosis, with autoantibody positivity to CENPF or HSP60 in 73.6% or 79.3% of AFP negative early HCC cases (see Table 5 ), the TAAs could be used as a complement for AFP in the diagnosis of AFP-negative early HCC to improve the detection rate of early HCC, and the combined autoantibody to TAAs with AFP could be helpful for the detection of AFP-negative early HCC. It is worthy to note that the prevalence of the above TAAs in LC patients was relatively high, suggesting their potential value in the detection of LC, and should be investigated further.
The generation of autoantibodies to TAAs is not fully understood. TAA proteins are most likely either mutated, overexpressed, posttranslationally modified, misfolded, aberrantly cleaved, or aberrantly localized in tumor cells (Casiano et al., 2006) . It has been reported that HSP60 localizes mainly in the mitochondria, but in tumor cells it is also found in the cytoplasm and the cell membrane, leading to activation of autoimmune reactions (Cappello et al., 2013) . In one recent study on breast cancer with serum anti-HSP60 autoantibody, it was demonstrated that the level of expression of HSP60 was significantly higher in tumor tissues suggesting that overexpression of HSP60 may be at least one of the mechanisms of developing immunogenicity against this protein in breast cancer patients (Cappello et al., 2013) . Similarly, the present study also showed that the high titer of CENPF autoantibody in HCC serum may result from an auto-immune reaction in response to overexpression of CENPF, and may constitute one of the mechanisms for the generation of autoantibody to CENPF.
One limitation of our study is that the majority of sera were from patients with HBV-related disease and from China. Although HCV infections, as well as alcohol abuse are important causes of HCC, the effects of these factors were not studied. However, we plan to study the contributions of these factors in the future. Due to lack of availability of IMP-2 protein, IMP-2 was only studied in a small number of samples. Studies with more samples are needed. In addition, it is important to evaluate the data of TAAs before and after HCC occurrence, as well as before and after therapy. We plan to conduct another follow-up research in the future to evaluate further the efficacy of TAAs before and after HCC occurrence and the data of TAAs before and after therapy, as well as the evaluation for the accuracy of cut-off value of the TAAs by another independent cohort.
In conclusion, our data showed that autoantibodies against TAAs may be useful in the detection of HCC at early stages, and could be complementary to AFP as a screening test for HCC.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.ebiom.2015.03.010.
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